changes identical to SCCRO inactivation. Ubiquitination-promoted turnover of Aurora B at the midbody was deficient in SCCRO-and KLHL21-deficient cells, suggesting that it is the target of Cul3 KLHL21 at the midbody. Correction of abscission delays in SCCRO-deficient cells with addition of an Aurora B inhibitor at the midbody stage suggests that Aurora B is the target of SCCRO-promoted Cul3 KLHL21 activity. The activity of other Cul3-anchored complexes, including Cul3 KLHL9/KLHL13 , was intact in SCCRO-deficient cells, suggesting that SCCRO selectively, rather than collectively, neddylates cullins in vivo. Combined, these findings support a model in which the SCCRO, substrate, and substrate adaptors cooperatively provide tight control of neddylation and cullin-RING-ligase activity in vivo. 3 The abbreviations used are: CRL, cullin-RING-ligase; SCCRO, squamous cell carcinoma-related oncogene; MEF, mouse embryonic fibroblast; EGFP, enhanced GFP; T t, time from the onset of prophase to the completion of cytokinesis; T 1 , time from prophase to telophase; T 2 , time from the onset of late telophase to the completion of cytokinesis.
Neddylation is a process analogous to ubiquitination in which a tripartite enzymatic cascade results in covalent modification of substrates by the ubiquitin-like protein Nedd8. In contrast to ubiquitination, only a limited number of proteins are subject to neddylation, with the cullin protein family (Cul1, Cul2, Cul3, Cul4, Cul5, and Cul7) the best-characterized targets (1) . Cullins serve as the scaffold for assembly of cullin-RINGligase (CRL) 3 type E3 ligases, the most common type of ubiquitination E3s (2, 3) . Neddylation of cullins promotes assembly of the CRL complex and optimizes its conformation to allow efficient transfer of ubiquitin from E2 to the substrate protein (4, 5) .
Neddylation is thought to regulate the activity of CRLs. However, relatively little is known about the mechanisms by which neddylation is activated or how cullins are selectively neddylated in vivo. Genetic (E1, E2) or pharmaceutical (E1 inhibition with MLN4924) inactivation of core neddylation components typically has broad effects on cullin neddylation in vitro and in vivo, suggesting that they are not regulatory components. We and others identified SCCRO/DCUN1D1 and showed that it functions as a critical component of the neddylation E3 complex (6 -10) . Biochemical and in vitro analyses show that SCCRO promotes neddylation by enhancing recruitment of E2ϳNedd8 (Ubc12ϳNedd8) thioester to the complex and optimizes the orientation of proteins in the complex to allow efficient transfer of Nedd8 from E2 to the cullin substrates (8) . Similar to other core components, SCCRO promotes the neddylation of all cullin family members, albeit with different efficiency (11, 12) . Although SCCRO enhances reaction efficacy, it is not required for neddylation in vitro. In contrast, SCCRO plays an essential role in neddylation in vivo by promoting nuclear translocation of cullin-ROC1 complexes, where neddylation is thought to occur (9) . Although inactivation of other core components of neddylation in model organisms is lethal, inactivation of SCCRO is not lethal in mice or flies (9, 13) . Moreover, the effect of SCCRO on neddylation in vivo appears to be more selective than that of other core components, with the targeted inactivation of SCCRO variably and only partially reducing neddylation of individual cullins. These findings suggest that SCCRO may play a regulatory role in neddylation.
We recently showed that SCCRO affects proliferation in vitro and in vivo (13) . Consistent with the involvement of ned-dylation in proliferation, treatment with MLN2924, a neddylation E1 inhibitor, induces cell cycle arrest in normal and cancerous cells (14 -16) . We used proliferation as a model to study the effects of SCCRO on neddylation dynamics in vivo. Several different CRLs play roles in cell cycle progression, imparting their effects through ubiquitination of essential regulators. Cul1 (Cul1 SKP2 , Cul1 ␤-TRCP )-, Cul2-, Cul3-, Cul4A-, and Cul4B-anchored complexes have been shown to play essential roles at various stages of cell cycle progression (17, 18) . We found that the effect of SCCRO on proliferation primarily involves its role in cytokinesis during abscission. Furthermore, these effects involve neddylation-based regulation of localization, assembly of the Cul3 KLHL21 complex, and ubiquitinationpromoted turnover of Aurora B. These findings suggest that SCCRO activity may play a coregulatory role with substrate adaptors to provide specificity to the neddylation pathway.
Results

Targeted disruption of SCCRO results in a defect in mitosis
We previously reported that SCCRO Ϫ/Ϫ mice are runted, which was attributed to a decrease in cell proliferation rather than to alterations in cell size (9) . Proliferation defects were observed in SCCRO Ϫ/Ϫ mouse embryonic fibroblasts (MEFs), which were rescued by re-expression of SCCRO by transfection. Flow cytometry using propidium iodide staining for DNA content indicated an increased Ͼ4N fraction in SCCRO Ϫ/Ϫ MEFs compared with wild-type MEFs (Fig. 1A) . Immunostaining with DAPI and anti-pericentrin confirmed the increase in DNA content and disclosed an increase in polycentrosomy in SCCRO Ϫ/Ϫ MEFs compared with wild-type MEFs (Fig. 1, B-E ), suggesting the presence of a mitotic defect. Ploidy and centrosome defects were rescued in SCCRO Ϫ/Ϫ MEFs by re-expression of SCCRO but not SCCRO D241A , a mutant deficient in neddylation activity ( Fig. 1 , C-E), suggesting that neddylation activity is required for the effect of SCCRO on mitosis. Treatment of SCCRO ϩ/ϩ MEFs with MLN4924 (Active BioChem) resulted in mitotic delays and phenotypic changes similar to those seen in SCCRO Ϫ/Ϫ MEFs, confirming the requirement for neddylation activity (Fig. 1 , A-E).
SCCRO plays a role in abscission
To begin to determine the cause of polyploidy and polycentrosomy in SCCRO Ϫ/Ϫ cells, we assessed mitotic progression and fidelity using live-cell time-lapse imaging of MEFs stably expressing mCherry-␣-tubulin (a major constituent of microtubules) and Aurora B-EGFP (a midbody marker used to assess mitotic progression). Cells were monitored for 24 h using confocal microscopy, and total mitotic duration was assessed as T t (time from the onset of prophase to the completion of cytokinesis) for individual cells (at least 60 full mitotic events were assessed for each group). We found that T t was significantly longer in SCCRO Ϫ/Ϫ MEFs (120.7 Ϯ 18.1 min, mean Ϯ S.D., here and below) than in SCCRO ϩ/ϩ MEFs (90.0 Ϯ 8.9 min, p Ͻ 0.001) ( Fig. 2A ). When the duration of individual stages of mitosis was assessed, there was no significant difference in the average time from prophase to telophase (T 1 ) between SCCRO Ϫ/Ϫ and SCCRO ϩ/ϩ MEFs (30.0 Ϯ 5.0 min for both, p ϭ not significant) ( Fig. 2A) . In contrast, a significant delay was observed from the onset of late telophase (when the midbody first appears) to the completion of cytokinesis (T 2 ) in SCCRO Ϫ/Ϫ MEFs (90.7 Ϯ 18.1 min) compared with SCCRO ϩ/ϩ MEFs (60.0 Ϯ 8.9 min, p Ͻ 0.001) (Fig. 2, A and B) . Consistent with the presence of a defect in abscission, the number of cells at the midbody stage, identified by immunostaining for ␣-tubulin and Aurora B, was significantly higher for SCCRO Ϫ/Ϫ MEFs (8.3%) than for wild-type cells (4.2%, p Ͻ 0.001) ( Fig. 2C ). Reexpression of SCCRO by viral transduction reduced the number of SCCRO Ϫ/Ϫ MEFs at the midbody stage, whereas re-expression of SCCRO D241N had no effect ( Fig. 2D ). Confirming the importance of neddylation activity, treatment with MLN4924 also increased the number of SCCRO ϩ/ϩ MEFs at the midbody stage ( Fig. 2C ). No differences in the morphologic appearance of the intercellular bridge were identifiable in SCCRO ϩ/ϩ and SCCRO Ϫ/Ϫ MEFs. Combined, these findings suggest that SCCRO specifically affects abscission and that its effects require its neddylation-promoting activities. In contrast to the isolated defect in abscission in SCCRO Ϫ/Ϫ MEFs, chemical (MLN4924) or genetic inactivation of core neddylation components has been reported to have broader and pleiotropic effects on mitosis (19 -24) .
SCCRO promotes Cul3 neddylation and localization to the midbody
We and others have shown that SCCRO promotes neddylation of several cullin family members, including Cul1, Cul2, Cul3, Cul4, and Cul5, leading to assembly and increased activity of CRL-type ubiquitin ligases and subsequent ubiquitination of CRL substrates (6, 8, 10) . To identify protein targets regulated by SCCRO during abscission, we first sought to define specific cullin(s) regulated by SCCRO during cytokinesis. We compared neddylation levels and localization of cullin family members in SCCRO ϩ/ϩ and SCCRO Ϫ/Ϫ MEFs by Western blotting and immunostaining, respectively. Although the neddylated fraction of multiple cullins was reduced (Cul1, Cul2, Cul3, and Cul5), the magnitude of reduction was highest for Cul3 in SCCRO Ϫ/Ϫ MEFs compared with SCCRO ϩ/ϩ MEFs (Fig. 3A) . Defects in neddylation of Cul3 were rescued in SCCRO Ϫ/Ϫ MEFs by re-expression of SCCRO ( Fig. 3B ). Immunofluorescence staining showed that Cul3, but not other cullin family members, localized to the midbody in SCCRO ϩ/ϩ MEFs but failed to localize to the midbody in the majority of SCCRO Ϫ/Ϫ MEFs (ϳ83% of cells), suggesting that it may transduce the effects of SCCRO on abscission ( Fig. 3C ). Consistent with the importance of neddylation activity, treatment with MLN4924 also disrupted the localization of Cul3 to the midbody in SCCRO ϩ/ϩ MEFs (Fig. 3C , seventh row). Although our findings do not exclude the possibility that SCCRO affects the activity of cullins involved in other stages of mitosis, they suggest that SCCRO-promoted neddylation is required for localization of Cul3 to the midbody during abscission.
SCCRO promotes assembly of Cul3 KLHL21 at the midbody
We next sought to identify the substrate adaptor that mediates the interaction of Cul3 and its potential substrate at the midbody. Previously, we reported a newly developed compound that specifically inhibits SCCRO and SCCRO2 activity SCCRO selectively regulates neddylation by interfering with their interactions with UBC12 (25). This novel compound was used to screen for SCCRO-dependent, substrate-specific BTB-Kelch proteins that serve as adaptors in Cul3-anchored CRLs (25) . Use of the inhibitor allowed the identification of binding interaction that acutely depends on the neddylation activity of SCCRO. SCCRO inhibitor-dependent binding was observed between Cul3 and several BTB-Kelch proteins, including KLHL23, KLHL9, KLHL18, KLHL13, KLHL26, KLHL20, KLHL25, KLHL7, KLHL21, KLHL22, KLHL12, KLHL42, KLHL24, KLHL11, KLHL15, KLHL36, and KLHL8. Of these, only KLHL9, KLHL13, and KLHL21 have been reported to be involved in cell cycle-related activity (26, 27) . To determine whether any of these adaptors is involved in abscission, we knocked down KLHL9 or KLHL21 in SCCRO ϩ/ϩ 
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MEFs using shRNA (KLHL13 was not tested, as it functions as part of a heterodimer with KLHL9) (Fig. 4A ). Phenotypes similar to SCCRO Ϫ/Ϫ MEFs-including increased numbers of cells at the midbody stage, polyploidy, and polycentrosomy-were seen with KLHL21 knockdown, but not with KLHL9 knockdown, in SCCRO ϩ/ϩ MEFs (Fig. 4, B-D) . In addition, localization of Cul3 to the midbody was lost in SCCRO ϩ/ϩ MEFs with KLHL21 knockdown but not in those with KLHL9 knockdown (Fig. 4E ). Moreover, although both KLHL9 and KLHL21 localized to the midbody, KLHL21 failed to localize to the midbody in SCCRO Ϫ/Ϫ MEFs (Fig. 4F ). KLHL21 also failed to localize to the midbody in SCCRO ϩ/ϩ MEFs after cells were treated with MLN4924 ( Fig. 4F) . These findings show that localization of Cul3 and KLHL21 to the midbody requires SCCRO and suggest that Cul3 KLHL21 mediates the effects of SCCRO during abscission. Furthermore, because SCCRO Ϫ/Ϫ MEFs showed no detectable defect in the initiation of cytokinesis or subcellu-lar localization of KLHL9, it is likely that the activity of Cul3 KLHL9/KLHL13 was intact in these cells. This suggests that the effects of SCCRO on Cul3 neddylation specifically promote Cul3 KLHL21 assembly and activity.
SCCRO promotes ubiquitination of Aurora B
It was reported previously that Cul3 KLHL21 is required for ubiquitination of the mitotic kinase Aurora B (27) . During cytokinesis, Aurora B coordinates chromosome segregation with abscission, which occurs only after chromatin is cleared from the cleavage plane (28, 29) . Aurora B at the midbody activates the NoCut checkpoint by phosphorylating Shrb/CHMP4C, a subunit of the endosomal sorting complex required for transport (ESCRT-III), to localize it to the Fleming body, which prevents the assembly of a functional abscission complex (30) . Subsequent inactivation and degradation of Aurora B is required for abscission to be completed, with prolonged activity result- ing in delayed or failed abscission (31) . To determine whether levels of Aurora B are regulated by SCCRO through Cul3 KLHL21 during cytokinesis, we assessed the levels of total and ubiquitinated Aurora B after chemically blocking protein translation or degradation. Blocking translation by pretreatment with cycloheximide resulted in faster clearance of Aurora B in SCCRO ϩ/ϩ MEFs than in SCCRO Ϫ/Ϫ MEFs (Fig. 5A) . Proteasome inhibition with MG132 increased accumulation of total and ubiquitinated Aurora B in SCCRO ϩ/ϩ MEFs compared with SCCRO Ϫ/Ϫ MEFs. Levels of total and ubiquitinated Aurora B were increased in SCCRO Ϫ/Ϫ MEFs transfected with HA-SCCRO, but not in those transfected with HA-SCCRO D241N , after treatment with MG132 ( Fig. 5B ). To determine whether the effect of SCCRO on ubiquitination of Aurora B is cell cycledependent, we first assessed expression of Aurora B in MEFs synchronized to the G 1 , S, and M phases. The results of Western blotting showed that levels of Aurora B increased from G 0 /G 1 through G 2 /M and decreased to their lowest point at the next G 0 /G 1 in SCCRO ϩ/ϩ MEFs. The decrease in the level of Aurora B protein at G 0 /G 1 was significantly attenuated in SCCRO Ϫ/Ϫ MEFs (Fig. 5C ). To confirm that the level of Aurora B protein decreases during M-to-G 1 phase transition, we syn- 
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chronized cells to G 2 /M by use of nocodazole and released them into fresh medium. Cells were harvested at different times after release, and lysates were subjected to Western blotting, which showed a more pronounced decrease in levels of Aurora B over time in SCCRO ϩ/ϩ MEFs than in SCCRO Ϫ/Ϫ MEFs (Fig.  5D ). Addition of MG132 into released cells completely blocked the decrease in the levels of Aurora B during M to G 1 phase in SCCRO ϩ/ϩ MEFs, suggesting that levels of Aurora B could be regulated by ubiquitination-proteasome-mediated degradation (Fig. 5E) . Moreover, the decrease in levels of Aurora B correlated with increasing levels of neddylated Cul3 in SCCRO ϩ/ϩ MEFs, both of which were absent in SCCRO Ϫ/Ϫ MEFs (Fig. 5D ). Consistent with a requirement for neddylation, the defect in Aurora B turnover in SCCRO Ϫ/Ϫ MEFs was rescued by transfection with SCCRO but not SCCRO D241N (Fig.  5F ). In addition, when nocodazole-synchronized SCCRO ϩ/ϩ MEFs were released into medium containing MLN4924, the decrease in levels of Aurora B over time was impaired, which is consistent with the requirement for neddylation activity (Fig.  5G ). Degradation of Aurora B was also impaired in SCCRO ϩ/ϩ MEFs with KLHL21 knockdown but not in those with KLHL9 knockdown (Fig. 5H ). Together, these results suggest that degradation of Aurora B at the time of abscission is promoted by Cul3 KLHL21 following SCCRO-promoted neddylation of Cul3. It should be noted that the mitotic markers Cyclin B1 and phospho-histone H3 (Ser-10) decrease normally in both SCCRO ϩ/ϩ and SCCRO Ϫ/Ϫ MEFs (Fig. 5D ), suggesting that SCCRO-deficient cells progress normally through the cell cycle and excluding the possibility that the reduced Aurora B degradation in SCCRO Ϫ/Ϫ MEFs is an indirect effect of delayed mitotic exit. To confirm the importance of SCCRO-promoted ubiquitination and inactivation of Aurora B during abscission, we assessed the effects of addition of ZM447439 (an Aurora B inhibitor) to the medium when cells entered the midbody stage in SCCRO Ϫ/Ϫ MEFs by live-cell imaging. The addition of ZM447439 overcame the abscission delay seen in SCCRO Ϫ/Ϫ MEFs (Fig. 5I ) (n ϭ 40 for both DMSO and ZM447439 treatment, p Ͻ 0.01). Combined, these results suggest that inactivation of Aurora B by SCCRO-promoted ubiquitination is required for efficient completion of abscission.
Defective abscission in SCCRO ؊/؊ MEFs leads to delay and/or failure of cytokinesis
To assess the effects of aberrant localization of Cul3 and KLHL21 to the midbody in SCCRO Ϫ/Ϫ MEFs, we performed live-cell imaging and monitored Aurora B localization in SCCRO ϩ/ϩ and SCCRO Ϫ/Ϫ MEFs stably expressing mCherry-␣-tubulin and Aurora B-EGFP. We found that Aurora B localized normally during mitosis in SCCRO Ϫ/Ϫ cells, to the centromeres at metaphase, to the mitotic spindle midzone at anaphase, and to the midbody at late telophase. However, in contrast to SCCRO ϩ/ϩ cells-in which Aurora B was removed from the midbody, after which abscission was completed-in SCCRO Ϫ/Ϫ cells, it persisted at the midbody and was associated with a significant delay in abscission (Fig. 6A, first and second rows, and Movies S1 and S2). Moreover, tetraploid cells with two centrosomes were observed in SCCRO Ϫ/Ϫ MEFs after failed abscission and regression of abscission furrows (Fig. 6A , third row, and Movie S3). Tetraploidy and the accompanying gain in the number of centrosomes increased the potential for multipolar spindle formation and inappropriate kinetochoremicrotubule attachments at metaphase, both of which can lead to chromosome missegregation and aneuploidy. In many cases, this led to the development of polyploidy giant cells because of another failed abscission (Fig. 6A, fourth and fifth rows, and Movies S4 and S5) or asymmetric division ( Fig. 6B and Movie S6). These aneuploid cells eventually underwent apoptosis ( Fig.  6B and Movie S6). Our findings suggest that SCCRO-promoted neddylation of Cul3 is required for the localization and activity of Cul3 KLHL21 at the midbody, which allows ubiquitinationpromoted turnover of Aurora B and subsequent completion of cytokinesis. These results also suggest that KLHL21-and SCCRO-promoted neddylation of Cul3 may cooperate to promote localization of the Cul3 KLHL21 complex to the midbody but that neither is sufficient on its own. It is still unclear whether the Cul3 KLHL21 complex assembles before or after localization to the midbody.
Discussion
Neddylation of cullins serves as a key regulator of CRL activity. Neddylation promotes the release of the stoichiometric inhibitory effects of CAND1 to allow assembly of CRLs (32) (33) (34) (35) . In addition, neddylation enhances CRL activity by inducing conformational change in cullins, which causes the enzymatic component of the complex (ROC1) to come into proximity with E2 to facilitate transfer of ubiquitin from E2 to the substrate (36) . Although it is well established that neddylation regulates the activity of CRL complexes, it remains unclear how specificity is achieved in the neddylation reaction. Previous studies have shown that core components of neddylation have (lanes 10 -12) . The same lysates were also subjected to immunoprecipitation using anti-Aurora 
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indiscriminate effects on cullin neddylation, suggesting that they may not play a regulatory role (19 -23) . Accumulating evidence suggests that substrates and substrate adaptors serve as primary regulators of CRL activity. The addition of substrate adaptors to in vitro reactions is sufficient to promote cullin neddylation and CRL assembly, suggesting that the effect of substrate adaptors on CRL activity involves regulation of neddylation (37) . Consistent with this, mutations in cullins in the binding region of substrate adaptors or substrate recognition subunits result in reduced neddylation (38) . Although these findings suggest that the substrates and substrate adaptors may regulate and provide specificity for cullin neddylation, it remains to be determined whether other regulators exist and how the signal is transduced to the core neddylation machinery.
SCCRO is a component of E3 for neddylation. Several studies have shown that SCCRO forms stable stoichiometric complexes with cullins and CAND1 (6, 9, 10, 12) . In this complex, SCCRO is not sufficient to overcome the inhibitory effects of CAND1 on cullin neddylation in vitro (10) . The addition of testis lysates from SCCRO ϩ/ϩ mice to in vitro reactions overcomes the inhibition of neddylation of recombinant Cul1 resulting from binding to CAND1. This suggests that factors in the lysate are required to release the inhibitory effects of CAND1 on cullin neddylation. Interestingly, the addition of testis lysates from SCCRO Ϫ/Ϫ mice is not able to overcome CAND1 inhibition of recombinant Cul1 under identical conditions, suggesting that SCCRO is also required (10). Keuss et al. (12) found that the addition of substrate adaptor (KLHL3) over- came the inhibition of CAND1, allowing SCCRO to promote cullin neddylation in vitro (Cul3). This suggests that binding of the substrate adaptor to the SCCRO-cullin-ROC1 complex is required to promote neddylation. Heir et al. reported that binding of substrate (HIF1␣) to the substrate receptor von Hippel-Lindau (VHL) promotes binding of SCCRO to VHL and cullin (Cul2) (39) . This led to the suggestion that SCCRO functions as a "substrate sensor switch," with binding of substrate to SCCRO via the substrate adaptor being required to trigger cullin neddylation.
Our findings show that SCCRO plays a role in regulating cytokinesis in vivo. A panoply of spatial and biochemical stimuli regulate the timing of cytokinesis, with Aurora B playing an essential role. Drosophila cells lacking Aurora B and mammalian cells treated with Aurora B inhibitors do not undergo cytokinesis, leading to regression of the cleavage furrow and polyploidy (40, 41) . Interestingly, overexpression of Aurora B also results in polyploidy, reflecting the differential activities of Aurora B during cytokinesis (42) . The published data suggest that CRL-promoted ubiquitination of Aurora B plays an important role in regulating cytokinesis. Aurora B ubiquitination is decreased, and its clearance from the midbody is delayed in SCCRO-deficient cells, leading to abscission delay and failure. Rescue of delayed abscission in SCCRO-deficient cells by pharmacological inhibition of Aurora B in cells at the midbody stage strongly implicates Aurora B as a key target of SCCRO. Two different Cul3-anchored CRLs (Cul3 KLHL9/KLHL13 and Cul3 KLHL21 ) have been reported to target Aurora B for ubiquitination during cytokinesis (26, 27, 43, 44) . Ubiquitination of Aurora B by the Cul3 KLHL9/KLHL13 complex regulates its removal from mitotic chromosomes to initiate cytokinesis; in contrast, Cul3 KLHL21 mediates ubiquitination of Aurora B after the spindle assembly checkpoint has been satisfied. Although cytokinesis is not initiated in cells depleted of KLHL9 and/or KLHL13 by RNAi, KLHL21-depleted cells initiate but fail to complete cytokinesis, suggesting that these complexes act independently and sequentially. Even though there is a significant decrease in global levels of neddylated Cul3 in SCCRO-deficient cells, only the activity of selected Cul3-anchored CRL complexes is affected. SCCRO-deficient cells initiate cytokinesis normally, suggesting that the activity of the Cul3 KLHL9/KLHL13 complex is intact (26) . Interestingly, RNAi knockdown of KLHL21, but not KLHL9, results in phenotypic changes identical to those seen in SCCRO-deficient cells. This is consistent with the fact that the activity of the Cul3 KLHL21 complex, but not the Cul3 KLHL9/KLHL13 complex, is regulated by SCCRO.
In our study, both Cul3 and KLHL21 failed to localize to the midbody in SCCRO-deficient cells. Interestingly, Cul3 also failed to localize to the midbody in cells with KLHL21 knockdown. These findings suggest that both SCCRO and KLHL21 are required for proper localization of Cul3 KLHL21 to the midbody. It is unclear whether midbody localization of Cul3 and KLHL21 occurs before or after assembly of the complex. The previous findings that neddylation occurs in the nucleus and that unneddylated cullins are unstable suggest that CRL complexes assemble before translocation to the site of activity (9) . Moreover, SCCRO was not detected at the midbody under any conditions (data not shown). This leads to a model where the substrate adaptor and SCCRO coactivate neddylation of the substrate in the nucleus and translocate as part of the CRL complex to the site of activity. The role of the substrate and the factors governing temporal and spatial sequences with which SCCRO, substrates, and substrate adaptors impart their effects remain to be determined.
Inactivation of an SCCRO orthologue (DCN1) in yeast and Caenorhabditis elegans leads to lethality. In contrast, SCCRO knock-out mice and flies are viable. Bioinformatics analysis shows that SCCRO has four paralogues in mammals, which can be classified into three subgroups on the basis of their phylogeny and N-terminal sequences: SCCRO and SCCRO2 (DCUN1D2) contain an ubiquitin-associated domain, SCCRO3 (DCUN1D3) contains a myristoyl sequence, and SCCRO4 (DCUN1D4) and SCCRO5 (DCUN1D5) contain a nuclear localization signal in the N terminus (12, 45, 46) . We have shown that SCCRO paralogues have both independent and overlapping activities in regulating cullin neddylation in higher organisms (13) . It is likely that SCCRO paralogues function to diversify the neddylation signal to provide tight control of CRL activity.
Finally, SCCRO is amplified and overexpressed in a variety of human cancers. The increased proliferation resulting from SCCRO overexpression in cellular and animal models (9, 13) , along with the high prevalence of polyploidy in tumors with SCCRO amplification, suggests the possibility that the cancerpromoting activity of SCCRO may result in premature removal of Aurora B, accelerated abscission, and aneuploidy and may contribute to genetic instability. Moreover, although proteasome and neddylation inhibitors have been shown to have therapeutic efficacy in humans, their broad-based activity induces severe side effects in a significant number of patients. The selective effects of SCCRO in neddylation, combined with an "oncogene addiction" phenotype associated with its overexpression in human cancer, suggest that SCCRO may be an excellent therapeutic target.
Experimental procedures
Immunofluorescence and live imaging analysis
MEFs were stained with anti-␣-tubulin (Calbiochem), anti-␤-tubulin (Sigma), anti-pericentrin (Abcam), anti-Aurora B (BD Transduction Laboratories), anti-KLHL9 (Abcam), anti-KLHL21 (GeneTex), anti-Cul1 (Invitrogen), anti-Cul2 (Novus), anti-Cul3 (Santa Cruz Biotechnology), anti-Cul4 (Santa Cruz Biotechnology), anti-Cul5 (Santa Cruz Biotechnology), anti-Cul7 (Bethyl), and MitoTracker Red (Invitrogen). Whole slides were scanned using the Mirax scanner (Carl Zeiss) with a 20 ϫ 0.8 numerical aperture objective. Confocal imaging was performed using a Leica TCS SP2 system with 20 ϫ 0.7 NA and 63 ϫ 1.2 NA water immersion objectives. Live-cell imaging was performed using a Zeiss LSM 5 Live microscope equipped with an incubation chamber (37°C, humidified, 5% CO 2 ) and a 63 ϫ 1.4 NA Plan-Apochromat water immersion objective (Zeiss). Sample illumination was generally kept to a minimum and had no adverse effect on cell division and proliferation. Image analysis was performed by using Metamorph software. Linear contrast adjustments were applied, with constant settings for different experimental conditions.
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Cells were synchronized at M/G 1 , late G 1 , G 1 /S, or G 2 /M by serum starvation, mimosine arrest, double thymidine block, or nocodazole arrest, as described elsewhere (47) .
KLHL9 and KLHL21 knockdown shRNA plasmids were purchased from Sigma. The sequences were 5Ј-CCGGCACGCA-CAGTTCGGTTGTATTCTCGAGAATACAACCGAACTG-TGCGTGTTTTTG-3Ј and 5Ј-CCGGCCCTGTTCTAACCT-AATATAACTCGAGTTATATTAGGTTAGAACAGGGTT-TTTG-3Ј for KLHL9 and 5Ј-CCGGTGTGCCTAGTATTGA-TCTATACTCGAGTATAGATCAATACTAGGCACATTT-TTG-3Ј and 5Ј-CCGGACTGCGTGTGGAGATACAATT-CTCGAGAATTGTATCTCCACACGCAGTTTTTTG-3Ј for KLHL21.
Western blotting
For Western blotting, protein was separated by use of SDS/ PAGE, transferred to PVDF membranes (Whatman), and probed with different antibodies. Anti-SCCRO monoclonal antibody was produced and used as described elsewhere (10) . Anti-Tex14 was purchased from Abcam. Other antibodies used were anti-HA (Covance), anti-Cyclin E (Santa Cruz Biotechnology), anti-Katanin p60 (Santa Cruz Biotechnology), anti-␣-tubulin (Calbiochem), anti-Aurora B (BD Transduction Laboratories), anti-KLHL9 (Abcam), anti-KLHL21 (GeneTex), and anti-Cul3 (BD Transduction Laboratories).
Immunoprecipitation
Immunoprecipitations were performed essentially as described elsewhere (48) . In brief, lysates from MEFs were incubated with 4 g of anti-Aurora B (Cell Signaling Technology) and 20 l of protein A ϩ protein G-agarose beads by gentle rocking at 4°C overnight. The beads were washed three times with lysis buffer and once with PBS. Bound proteins were eluted with 2ϫ Laemmli buffer, resolved on SDS-PAGE gels, and analyzed by Western blotting. 
